[1] Beginning during the last half of the main phase and extending for over 12 hours, the 18 April 2002 magnetic storm is dominated by sawtooth oscillations. We examine the ground magnetic signatures of these events at both high latitudes and low latitudes. The first immediate observation is that the magnetic signatures from one sawtooth to another can show considerable variation. Thus the current systems associated with these events show considerable variation in location, pattern, and strength from one oscillation to the next. The characteristics of the magnetic disturbance for each sawtooth has little to distinguish it from the typical substorm expansion magnetic disturbance field except that some of the sawteeth disturbance profiles are broader in local time than observed during typical substorms. The injection region determined from the energetic particle flux measurements at geostationary orbit is generally broad, extending across the entire tail and past the terminators into the dayside. The injection region is usually wider than the magnetic disturbance profile at the peak of the dipolarization. There appears to be no relationship between the magnetic disturbance profile and the location and strength of the injection boundary. Finally, sawtooth events appear to be driven by a steady solar wind driver and to develop during a period of already enhanced ring current.
Introduction
[2] It has recently been recognized that strong magnetospheric driving can lead to a phenomena called global sawtooth oscillations. J. R. Borovsky et al. ( The solar-wind driving of global sawtooth oscillations and periodic substorms: What determines the periodicity, submitted to Annales Geophysicae, 2006, hereinafter referred to as Borovsky et al., submitted manuscript, 2006) describe sawtooth events as global, quasi-periodic, large-amplitude oscillations in the flux of energetic particles measured at geostationary orbit. They derive their name because of their shape in the energetic particle flux data consisting of a series of slow flux decreases followed by rapid increases thus resembling the teeth of a saw blade. The sawtooth shape is particularly well defined in the high-energy proton channels [Henderson, 2004] . The period of the oscillation is between 2 and 4 hours and the rapid flux enhancement portion of the oscillation lasts between 5 and 15 min.
[3] The sawtooth-like particle flux variations are indicative of changes in the morphology of the magnetic field in the inner magnetosphere undergoing strong stretching and then rapid dipolarization. While this is typical behavior on the nightside for substorm disturbances, the unique aspect of sawtooth events is that this behavior is observed across the entire nightside and occasionally past the dawn or dusk terminators into the dayside. Sawtooth oscillations are large events that may represent a global mode of energy dissipation. Sawtooth events have similarities and differences with periodic substorms and a debate has emerged as to whether global sawtooth oscillations are simply an extreme form of substorm or whether they merit a category to themselves [Henderson, 2004; Huang et al., 2003; Borovsky et al., submitted manuscript, 2006] . The phenomena typically described as periodic substorms, for example in the work of Borovsky et al. [1993] , tend to occur during high-speed streams when the interplanetary magnetic field is fluctuating northward and southward for short intervals during long periods and the magnetic field distortions are thought to be smaller and localize in the nightside (though this has not been quantitatively demonstrated as yet).
[4] Sawtooth events occur during storms when the ring current is enhanced, and they appear to be driven by steady moderate to strong southward IMF conditions (particularly during magnetic cloud interactions with the magnetosphere). Often the plasma sheet appears to be unusually close to the Earth at the time of sawtooth events, suggesting that the plasma convection in the inner magnetosphere is unusually strong. Sawtooth oscillations occur during some, but not all, geomagnetic storms and it still remains to determine the storm-time conditions required to produce these phenomena. Since sawtooth oscillations are generally observed during rather steady solar wind driving, their relationship to steady magnetospheric convection (SMC) intervals is a question to consider. A popular paradigm is that substorms result because of imbalance between dayside and nightside reconnection. Enhanced dayside reconnection transports flux to the tail (loading), the plasma sheet thins, and an instability initiates a near-Earth reconnection region that converts the stored magnetic energy to particle kinetic energy (unloading). If, however, the enhanced dayside reconnection rate is steady for a long period of time, the nightside reconnection rate can adjust to match the dayside rate and enhanced steady magnetospheric convection results. The existence of sawtooth oscillations during steady driving suggests that some driving conditions result in a sort of driven oscillation rather than a steady convection. Thus the relationship between the driven sawtooth periodic behavior, substorms, and the periodic substorms that develop during high-speed streams where frequent short southward IMF intervals cause an accumulation of flux in the tail that eventually unloads, requires a detailed examination.
[5] In this paper, we examine the magnetic disturbance field measured on the ground to determine the characteristics of the sawtooth disturbance. While satellites provide a good in situ description of the disturbance, they are severely limited by the localization of the observations. Arrays of ground instruments provide a synergy by enabling a global description of the disturbance field and we shall use both high-latitude and low-latitude ground magnetic data to quantify the storm-time disturbance field during the sawtooth oscillations observed during the 18 April 2002 magnetic storm. Kitamura et al. [2005] also examine ground magnetic data during these same sawtooth events.
[6] To better capture both the temporal and spatial development of the ring current during storms, we have extended the analysis procedure developed by McPherron [1974a, 1980] to the investigation of several large geomagnetic storms and have applied the analysis to the 17-24 April 2002 storm period. The analysis is based upon the use of data from a worldwide longitudinal chain of midlatitude magnetic observatories.
[7] Midlatitude magnetic data have a long history of use in the study of storms and substorms. For example, Kamide and Fukushima [1971] used the H variation at midlatitudes to calculate the parameters of simple line current models of the symmetric and partial ring current. examined midlatitude measurements to investigate the association of partial ring current development with isolated substorms, finding that the partial ring current may begin to develop prior to the onset of the substorm expansion, but a southward turning of the interplanetary magnetic field consistently precedes the onset of partial ring current development. Clauer et al. [2003] , utilizing midlatitude magnetic measurements to study the relationship between substorms and storms, show that the development of the storm-time ring current is not the result of a sequence of substorm injections from the plasma sheet but rather the result of a sustained and enhanced convection electric field imposed on the magnetosphere. During the storm main phase, most of the ring current magnetic disturbance is due to a partial ring current which closes in part through the ionosphere and in part through the magnetopause. The effect of the enhanced crossmagnetospheric convection electric field is to move Alfvén layers inward with the consequence of further energizing plasma and also moving the ring current closer to the Earth. Only after the enhanced convection electric field is reduced during the storm recovery phase do particles find themselves on closed azimuthal drift paths and the ring current becomes symmetric.
Methodology
[8] The method of midlatitude magnetic field analysis utilized here follows that described by Clauer et al. [2003] . The availability of digital data from an extensive chain of midlatitude stations makes possible a computerized analysis of such measurements at high time resolution. Table 1 provides the names and locations in geographic and corrected geomagnetic coordinates of about 27 stations from which high resolution digital data is available during the years 1991 -present. The geomagnetic coordinates calculated in the table are in accordance with Gustafsson et al. [1992] . Note that by assuming the equator to be a plane of symmetry, we may use stations in the southern hemisphere provided that we change the sign of the east component (Y).
[9] We utilize the magnetic data in corrected geomagnetic coordinates, with X north and Y east and Z vertical down. For ring current investigations, we wish to obtain the axial magnetic field perturbation. To obtain the axial perturbation field, we divide the X component at each station by cos L where L is the corrected geomagnetic latitude of the station. This correction is done primarily for the computation of the D st index. We do not apply additional data corrections and feel that the data provide sufficiently accurate specification of the three-dimensional current systems for the purposes of this paper. The cos L correction is done for both disturbed and quiet days. We determine the quiet day variation by selecting several quiet days within 1 month of the disturbed day and the data are averaged.
[10] The quiet day field is subtracted from the data at each station to remove the main field and diurnal variation. The difference between the disturbed and quiet field components then gives a profile of the disturbance field as a function of local time around the world. To create this profile, we linearly interpolate the data between stations to obtain the disturbance value at each minute in local time. The profile is then smoothed using a running average where the averaging window can be specified by the user. In the case presented here, we utilize a 240-min smoothing window. To achieve a periodic profile, we repeat the data at each end of the longitude array and fit the entire array, utilizing the center portion for the local time disturbance profile. [11] Profiles at successive times can then be plotted in a map as a function of universal time and local time to display the temporal and spatial variation of the midlatitude disturbance field due to substorms and storms. The difference in the Y component can be investigated for the disturbance variations in the east-west direction. We note that we do not apply a latitude normalization to the Y perturbations because their source is primarily from field-aligned currents and only apply the cosine adjustment to the X component. To minimize latitude effects, we try to limit the observation latitude to lie between 10°and 45°(absolute value). A variety of other latitude adjustments can be made with assumptions about the configuration of the disturbance current system, Earth induction, and so forth [Sun et al., 1998; Kitamura et al., 2005] . We have not applied these adjustments. The results of our analysis will provide the general characteristics of the disturbance field. The interpretation of the disturbance field in terms of a substorm current wedge will provide qualitative description that is sufficiently accurate for the purposes of this discussion.
[12] A further benefit of the computer analysis is the ability to easily investigate the changes which occur during a particular interval or phase of a substorm or storm. To isolate a particular magnetic perturbation, we take the local time profile at some reference universal time, for example, the onset time of a sawtooth injection, and then calculate the changes from this profile at successively later universal times. The changes in the local time profiles thus obtained may have simpler form and therefore be easier to understand or model in terms of equivalent currents. Other techniques which can be useful but are not shown here are the use of derivative maps to more accurately determine the time rate of change of the magnetic field. These are obtained by computing the partial derivative of X (or Y) as a function of universal time.
3. Data Analysis Table 1 . The small triangle above each trace marks local magnetic midnight at each station.
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CLAUER ET AL.: THE 18 APRIL 2002 SAWTOOTH EVENTS increases are seen globally and the data are consistent with a very broad injection region spanning the nightside and sometimes extending past the dawn or dusk meridians into the dayside magnetosphere. To investigate this further, we examine the temporal and spatial development of the lowlatitude ground magnetic disturbance for several of these sawtooth events and, where data is available, also look at the high-latitude auroral patterns using the UVI instrument on POLAR and the polar ionospheric electrodynamic patterns computed by the AMIE procedure.
[14] Figure 2 shows a stack plot of data from a worldwide longitudinal chain of low latitude magnetic observatories. The traces are arranged according to longitude and a small triangle above each trace indicates the time for local magnetic midnight at each station. We show the X (geographic north) component of the field perturbation (the main field and quiet variation have been removed) at each station.
[15] The storm sudden commencement (SSC) is observed as a jump in the field observed at all stations at about 0030 UT. While it does not have specific bering on the topic discussed here, it is interesting to note that this is an atypical SSC, since the jump magnitude is largest on the nightside rather than near local magnetic noon. For further information on such atypical SSCs, see Clauer et al. [2001] and Belenkaya et al. [2004] . Following the SSC, there is a set of periodic variations over a large portion of the stations with a 3-4 hour period. We can display these data in another form to better see both the temporal and spatial variations. This is shown in Figure 3 . The top map in Figure 3 shows the northward axial component X (the same data shown in the stackplot in Figure 2 ) and the bottom map shows the eastward component Y in LT-UT map format. The vertical axis shows local time with local magnetic midnight at the center and noon at the top and bottom edges. Negative field perturbation is shown by red shaded contours and positive perturbation is shown by blue shaded contours. The disturbances that appear in the top X map are due primarily to the asymmetric and symmetric ring current, the substorm current wedge, and currents responsible for the atypical SSC at 0030 UT. The perturbations shown in the bottom Y map can be used to identify the locations of fieldaligned currents with positive perturbation indicating outward FAC and negative perturbation indicating inward FAC.
[16] Removal of the main field and quiet variation is a process subject to error because of the variability of the various currents that contribute to the quiet time field, for example, Sq currents, quiet tail, and magnetopause currents, etc. . There is also a diagonal trend in the data which matches the station motion across the map. We continue to investigate this but suspect that it results because peaks in the disturbance profile are observed by stations in a specific region, but they rotate with time carrying the peak in the profile with them. While we continue to seek a solution to this problem, we can eliminate much of this effect for short intervals of time by selecting a reference time and subtracting the data values at the reference time from all later values for each station. These ''referenced'' values are then used to create the local time profiles that are contoured to form the ''referenced'' UT-LT map. Thus we can show with less error, the development of magnetic perturbations following some reference time. In the case here, we can utilize the onset time of each sawtooth and then create maps of the perturbations referenced to the onset time.
[17] Figure 4 shows the X component magnetic disturbance profile at 0239 UT obtained from the map shown in Figure 3 . The horizontal axis is local time position around the Earth and the vertical axis is the magnetic disturbance measured in nanotesla. Also shown are the stations and measurement values used to create the profile. This presents the distribution of stations in local time and the typical scatter in data values that are fit. Consistent with the ongoing magnetic storm, the field is depressed but highly asymmetric, with the greatest depression near dusk À118 nT and only À47 nT at 0230 MLT.
[18] Figure 5 shows the X and Y maps referenced to the field at 0239 UT. That is, the profile at 0239 UT has been subtracted from the data that are displayed in the maps. For the times following 0239 UT we see the development of magnetic perturbations due to the changes in current distributions following the sawtooth onset at 0239 UT. We note that the 0239 UT and 0315 UT onsets are closely spaced and in this analysis consider them together as a double-onset event. The top shows the DX field perturbations and these exhibit the classic positive bay signature centered near local midnight. Such a signature is usually associated with the substorm expansion phase. The first expansion onset is centered near 2000 MLT and reaches a peak at about 0304 UT and begins a small recovery prior to the second onset at 0315 UT. The second expansion is centered near 2300 MLT and reaches a peak at 0341 UT. We define the local time extent as the width of the positive DX profile at half maximum. The first expansion is narrow measuring only about 3.25 hours in MLT extent and the 0304 UT peak. The second expansion is broader and measures about 5 hours in local time extent at 0341 UT.
[19] From the DY component map we see the formation of a strong field-aligned currents bounding both expansions Table 1 displayed at the local time and measurement value for each station used to create the profile. The quiet time main field has been removed as discussed in the text. observed in DX with inward current (negative DY contours) on the dawnward side and outward current (positive DY contours) on the duskward side of the system.
[20] We have examined the low-latitude ground magnetic disturbance for each of the next three individual sawteeth, referencing the disturbance field to the field a the time of the sawtooth onset, similar to the procedure shown in Figure 5 . The results of this are shown in the sequence of plates from Figures 6 to 8.
[21] Figure 6 shows DX and DY maps in a format similar to Figure 9 . In addition, however, we have also added highlatitude data at select times that are noted on the maps by vertical lines. The five high-latitude plots along the top of the figure combine UV images of auroral emissions obtained from the Polar satellite UVI instrument with electric potential patterns determined using the Assimilative Mapping of Ionospheric Electrodynamics (AMIE) [c.f. Richmond and Kamide, 1988; Richmond, 1992] procedure utilizing an array of high-latitude magnetic observations. The first pattern is at 0528 UT just prior to the sawtooth onset. It shows a DP2-like electric potential patterns and auroral emissions near dawn in the convection electrojet region. The second pattern is at the time of sawtooth dipolarization onset, 0530 UT. The potential pattern is very similar to the earlier DP2 pattern. In the auroral emissions, however, we see an onset of intensification near 2300 MLT, just prior to local midnight. In the following three panels we see this premidnight auroral intensification grow and expand. The expansion is similar to that generally associated with a magnetospheric substorm. Near the peak of the expansion, 0550 UT, the extent is rather broad from dawn to dusk, and the potential pattern has rotated with the positive cell becoming dominate, similar to the typical DP1-type substorm pattern. At 0600 UT during the recovery, the pattern has expanded further in local time and also poleward in latitude. This behavior is consistent with the unloading of energy stored in tail lobes.
[22] From the UT-LT maps we see a positive perturbation near local midnight in the DX component, similar to that shown in Figure 5 . There is no enhancement of the partial ring current associated with the positive perturbations that develop at 0530 UT. The local time extent of the positive perturbation is more narrow than the previous sawtooth, being about 3.8 hours in MLT. The field-aligned currents inferred from the DY component map are very weak, suggesting that both the downward and upward FAC are very diffuse.
[23] Turning to the 0810 UT sawtooth onset, Figure 7 shows again a combination of high-latitude and low-latitude data. The UT-LT maps of the low-latitude magnetic observations referenced to 0810, prior to the sawtooth onset, show a broader and somewhat weaker DX perturbation. The extent stretches from near 0000 MLT to 1600 MLT. Again there is no simultaneous enhancement of the partial ring current with the positive perturbations that begin at 0810 UT. There is a broad downward field-aligned current centered near local midnight and broad, diffuse upward field-aligned current elsewhere indicated by the DY map.
[24] The high-latitude data show characteristics very similar to the 05:30 UT onset in Figure 6 . Just prior to the onset at 0810 UT, the potential patterns is a two-cell DP2 convection pattern with auroral emission enhancement near dawn in the convection electrojet. At 0820 UT during the expansion phase, the electrojet emissions have intensified across the nightside. The extent of the enhanced emissions is very broad extending from dawn through the nightside past dusk. The positive potential cell becomes more dominate and rotates to become oriented more like a DP1 pattern; however, it seems to be intermediate between the typical DP1 and DP2 patterns. The auroral emissions are weaker than the previous sawtooth event and somewhat more patchy around the auroral oval. The strongest intensification in the auroral emissions appears to be at dusk. The auroral emissions have also moved poleward at 0901 suggesting a decrease in the polar caps size.
[25] The 1135 UT sawtooth perturbations in the UT-LT maps show similar features in Figure 8 . High-latitude UV Figure 6 . D X and D Y maps of magnetic perturbation referenced to the sawtooth onset at 0530 UT. Contours are drawn at 10 nT intervals in both maps. Along the top of the plot are polar potential patterns derived from AMIE analysis of high-latitude global magnetometer measurements and superposed UV auroral images from the Polar satellite at 0528, 0530, 0540, 0550, and 0600 UT. data from Polar are not available during this event so we show only the low-latitude magnetic maps. The perturbations are somewhat weaker but broader in extent in the DX map. Inward field-aligned current (negative perturbations in the DY map) flow along the edge of the DX positive enhancement at 0300 MLT. The upward field-aligned current is again diffuse but seems to lie along the dusk edge of the DX positive bay.
[26] There is considerable contrast between each of the sawteeth. The extent of the positive bay disturbance, magnitude, and central meridian in the low-latitude magnetic disturbance profile for each sawtooth is different. The profiles near the peak of the magnetic disturbance for each of the four sawteeth discussed above are shown in Figure 9 . We measure the local time extent of the substorm disturbance profile as the full width at half maximum. The local time extent ranges from 12 hours, which is much larger than typical isolated substorms, to a little over 3 hours, which is common for typical isolated substorms. The D X profiles also show considerable variability in the local time location of the central meridian as well. The first (0304 UT), fourth (0852 UT), and fifth (1220 UT) D X profiles show the disturbances centered several hours premidnight while the second (0341 UT) and third (0550 UT) profiles are centered near local midnight.
[ Figure 1 to estimate the location and extent of the region over which the injection is dispersionless, the injection boundary. In Table 2 we contrast the magnetic profile parameters against the injection boundary parameters obtained by Reeves.
[28] Comparison of the local time magnetic disturbance profile parameters of the local time injection boundary parameters, there appears to be little relationship between the injection boundary at the onset of the disturbance with the substorm current wedge and associated low-latitude ground disturbance field at the peak of the disturbance (end of the expansion). This might also be expected since at onset; generally the auroral signature is a very localized brightening that expands both poleward and in longitude. The auroral disturbance and low-latitude magnetic disturbance are generally more localized than the injection boundary; however, the opposite appears to be the case for the 1135 UT sawtooth.
Discussion
[29] Huang et al. [2003] examined a number of sawtooth injection events and concluded that they were simply periodic substorms. The flux dropout is related to the tail stretching during the growth phase of the substorm and the flux increase represents particle injection to geosynchronous orbit from the tail as the field undergoes dipolarization. All of the data signatures examined in the tail during sawtooth events were unremarkable and consistent with typical substorm expansions. The low-latitude ground signatures are largely consistent with substorm development, as well. However, the magnetic disturbance of the substorm current wedge is sometimes much broader in local time extent than typical isolated substorms [Clauer and McPherron, 1974b] .
The average local time extent for isolated substorms from an examination of 41 events was 2.5 hours in MLT extent compared to the approximate 7.7-hour average MLT extent measured for the sawtooth events examined here. More recent studies of isolated substorms using a denser longitudinal chain of observatories obtains an average local time extent of the substorm current wedge to be about 4 hours in MLT (D. T. Welling, personal communication, 2005) . The injection boundaries determined by Reeves et al. (manuscript in preparation, 2006) extend across the nightside and in several cases past the terminators to the dayside. This distinguishes the sawtooth events from the more localized injection region found during typical isolated substorms. The magnetic disturbance profiles measured at low latitudes are comparable or larger to the disturbance profiles determined for typical isolated substorms. In terms of the magnetic disturbance, there is little to distinguish sawtooth events from substorm expansions. As seen in Figure 3 , sawtooth events develop during an interval that has already produced a strong partial ring current. There is little additional development of the asymmetric ring current produced by each of the successive sawtooth event.
[30] Kitamura et al. [2005] examined the 18 April 2002 sawtooth events and also concluded that morphologically, sawtooth events appear very similar to substorms; however, they are larger than normal in their local time extent. The magnetic disturbance is consistent with the substorm current wedge and the initiation of the sawtooth expansion is heralded by Pi2 pulsations with polarization characteristics also consistent with typical substorm expansions, albeit with wider local time extent than typical. In other studies of sawtooth events as well, the conclusion ranks these disturbances as indistinguishable form substorms except that the disturbances are wider than is typical of most substorms Henderson, 2004] . In terms of the current system, particle injection, tail stretching and dipolarization, PI2 generation, etc. we must agree that sawtooth events have all of the characteristics of substorms and should probably be regarded as a class of substorm phenomena.
[31] Borovsky et al. [1993] distinguished periodic substorms from sawtooth events, based largely on the local time extent of the disturbance, and found that periodic substorms occur generally during intervals of high-speed solar wind Figure 9 . Magnetic local time profiles of the magnetic disturbance near the peak of the four sawtooth events at (starting from the top) with onset at 0229 UT (and double peaks at 0304 UT and 0341 UT), 0530 UT, 0810 UT, and 1135 UT. The magnetic disturbance profile at the onset time has been subtracted from the profile displayed here near the peak of each event. Figure 10 shows the IMF B z component along with solar wind velocity and number density and temperature measured by the ACE satellite at the L1 location upstream. The ACE data have not be time shifted to account for the propagation time from L1 to the subsolar magnetosphere. The propagation time is about 1 hour and the sawtooth events occur during the passage of a magnetic cloud. The characteristic cloud signatures include the low number density and temperature and slow rotation of the magnetic field. The IMF Bz component is negative around À8 nT for most of the sawtooth interval. Such quasi-stable condition often produce steady magnetic convection intervals when the magnetic reconnection rate in the tail adjusts to match the dayside merging rate.
[32] The driving conditions during the period of sawtooth oscillations should produce a moderately strong, continuous driving. The variability of the driving conditions is relatively small and during other events, similar quasi-steady conditions lead to periods of steady magnetospheric convection. Thus a major issue to resolve is the conditions that lead to either sawtooth oscillations or steady magnetospheric conditions. We suggest that in the case of sawtooth oscillations, some internal threshold must be exceeded that prevents steady convection and energy dissipation and this then leads to the global sawtooth oscillations. In the ''loadingunloading'' phenomenological model of the magnetospheric substorm, it is the imbalance of the dayside and nightside merging rates that results in an accumulation of magnetic energy in the tail lobes that is then suddenly released by a the formation of a new near-Earth neutral line and enhance tail reconnection during the expansion phase. This is certainly the case during the periodic substorm events observed during high-speed streams. There is considerable evidence that when the IMF turns southward (enhance dayside merging) and remains stable for an extended period of time, the magnetosphere can adjust to balance dayside and nightside reconnection thus resulting in enhanced but steady magnetospheric convection [Pytte et al., 1978; Sergeev et al., 1996] . This is frequently the case during magnetic storms. However, we see here that during some storm intervals, sawtooth oscillations may develop rather than steady magnetospheric convection. It remains to determine the conditions that will produce either SMC or sawtooth events during quasi-steady enhanced magnetospheric driving. Sawtooth events show many features of the substorm phenomena, including a decrease in polar cap size following the expansion. This signature has been attributed to unloading of magnetic energy flux that has accumulated in the tail lobes, generally as a consequence of an imbalance between the dayside and nightside reconnection rates brought about by an increase in the dayside reconnection rate. In general, it has been assumed that variability of the dayside reconnection rate is the primary cause of imbalance and the subsequent phenomenology that leads to a substorm expansion onset. In sawtooth events, however, the driver is steady and it is necessary to examine the internal magnetospheric dynamics to understand what prevents the tail reconnection rate from increasing to match the dayside rate and instead, produce global substormlike periodic oscillations. A necessary step toward understanding these phenomena will be a statistical investigation to determine the distribution of driving conditions and magnetospheric conditions that exist during each of these stormtime phenomena. Figure 10 . From the top, solar wind proton number density, temperature, bulk velocity, and the IMF B z component in gsm coordinates measured at the L1 point by the ACE satellite.
